Because the cranial capacity of LB1 (Homo floresiensis) is only 417 cm 3 , some workers propose that it represents a microcephalic Homo sapiens rather than a new species. This hypothesis is difficult to assess, however, without a clear understanding of how brain shape of microcephalics compares with that of normal humans. We compare three-dimensional computed tomographic reconstructions of the internal braincases (virtual endocasts that reproduce details of external brain morphology, including cranial capacities and shape) from a sample of 9 microcephalic humans and 10 normal humans. Discriminant and canonical analyses are used to identify two variables that classify normal and microcephalic humans with 100% success. The classification functions classify the virtual endocast from LB1 with normal humans rather than microcephalics. On the other hand, our classification functions classify a pathological H. sapiens specimen that, like LB1, represents an Ϸ3-foottall adult female and an adult Basuto microcephalic woman that is alleged to have an endocast similar to LB1's with the microcephalic humans. Although microcephaly is genetically and clinically variable, virtual endocasts from our highly heterogeneous sample share similarities in protruding and proportionately large cerebella and relatively narrow, flattened orbital surfaces compared with normal humans. These findings have relevance for hypotheses regarding the genetic substrates of hominin brain evolution and may have medical diagnostic value. Despite LB1's having brain shape features that sort it with normal humans rather than microcephalics, other shape features and its small brain size are consistent with its assignment to a separate species.
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virtual endocast M icrocephaly (''small head'') is a condition in which adults typically achieve brain masses of 400-500 g (or cubic centimeters if cranial capacity is used as a surrogate for brain size) and are moderately to severely mentally retarded (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . Affected individuals have been reported from all over the world, frequently from consanguineous unions (9, 10, (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) . Traditionally, the terms ''primary microcephaly,'' ''true microcephaly,'' ''microcephaly vera,'' and ''primary autosomal recessive microcephaly'' (MCPH, MIM #251200; Online Mendelian Inheritance in Man, www.ncbi.nlm.nih.gov/omim) have been used to describe individuals who were born with abnormally small brains, sloping foreheads, and prominent ears but lacked other ''neurological, growth, health, or dysmorphic findings, and [had] no discernible prenatal or postnatal syndrome or cause, such as an aberrant chromosome or structural brain anomaly'' (16) .
[Because MCPH directly affects neurogenesis rather than growth of the skull, some prefer the term ''micrencephaly'' (27) .] MCPH has been distinguished from microcephaly that is acquired or ''secondary'' to degenerative brain disorders. Since 1998, however, at least seven autosomal recessive microcephalic loci and five associated genes have been identified [see supporting information (SI) (13, 20, 29) . Even the signature sloping forehead of primary microcephalics is occasionally lacking in affected individuals (17, 24) (SI Fig. 4 ). Primary microcephaly is therefore a genetically and clinically heterogeneous condition that begs the traditional ''diagnosis of exclusion'' (13, 25, 26, 30) .
Given all of this heterogeneity, are there any features other than small size that distinguish microcephalic brains from those of normal humans? To address this question, we compared three-dimensional computed tomographic reconstructions of the internal braincase (virtual endocasts) that reproduce details of external brain morphology, including vessels, sinuses, some sulci, cranial capacities, and shape (1) from a sample of 9 heterogeneous microcephalic humans and 10 normal humans ( Fig. 1 and Table 1 ). Because of the controversial suggestion that LB1 (Homo floresiensis) may have been a microcephalic Homo sapiens rather than a new species (2-7), we reassessed its virtual endocast in light of our findings. We also assessed the virtual endocasts of a microcephalic woman whose endocast is alleged to resemble that of LB1 (4) and a pathological H. sapiens specimen that, like LB1, represents an Ϸ3-foot-tall adult female.
[Although this specimen was labeled as a ''dwarf,'' this heterogeneous medical condition (MCPH, MIM #210710; Online Mendelian Inheritance in Man, www.ncbi.nlm.nih.gov/omim) should not be confused with endemic dwarfism.]
Results
Virtual endocasts were electronically measured to obtain cranial capacities that are traditionally used to approximate brain mass (Table 1 ). Brain size of microcephalics departs further below normal values as microcephalics mature because it reaches its maximum earlier than is the case for normal humans and then decreases in size (27) . For this reason, we estimate the upper limits of brain size for adult microcephalics from data for that group (Michel Hofman, personal communication) rather than using normal humans as a reference population. The mean brain weight for 25 microcephalics (sexes combined) aged 21-74 years is 365 g with a SD of 95 (Ϯ3 SD, 80-650 g), which gives an upper limit of 650 g(cm 3 ) (see SI Text). Because this upper limit is considerably higher than the 400-500 g widely quoted as typical for primary microcephalics (9-15), we believe the estimated range is likely to incorporate most, if not all, members of that group. Although two of the microcephalics in our sample have capacities that were slightly above the upper limit, we included them in our initial analyses to increase our sample size ( Table 1) . One of them (UV 3795, 667 cm 3 ) was porencephalic (a condition characterized by fluid-filled cavities in the brain) and therefore a secondary microcephalic. The mean capacity for our nine microcephalics is 498 cm 3 , and the mean for the seven that have cranial capacities below 650 cm 3 is 450 cm 3 . These data suggest the clinically testable hypothesis that adults that are diagnosed as microcephalics and have brain volumes exceeding 650 cm 3 are secondary microcephalics.
Eight measurements were obtained electronically from the virtual endocasts and used to generate four ratios that we thought would discriminate between the two groups {Fig. 2: 2/1 (cerebellar protrusion), [2] [3] [4] /1 (relative length posterior base), 6/5 (relative cerebellar width), and 8/6 (relative frontal breadth); see Materials and Methods}. Using the four variables, discriminant and canonical analyses were used to study shape differences between microcephalic humans (n ϭ 9) and normal humans (n ϭ 10), and backward stepwise discriminant analysis was used to select the most powerful discriminators (SI Table 3 ). All four variables, when analyzed individually, resulted in statistically significant discriminant functions (P Ͻ 0.001; SI Table 4 and SI Fig. 5 ). With the resulting classification functions, cerebellar protrusion misclassified one microcephalic as a normal human (SI Table 3 ). Relative length posterior base misclassified a normal human as a microcephalic. Relative cerebellar width misclassified three microcephalics as normal humans, and relative frontal breadth misclassified two microcephalics as normal humans. The backward stepwise discriminant analysis retained two variables (cerebellar protrusion 2 ⁄1 and relative frontal breadth 8 ⁄6; SI Tables 3 and 4 ). Both ratios and the resulting discriminant function (root) were highly significant (P Յ 0.002), with the most heavily weighted ratio being cerebellar protrusion. Fig. 3 is a scatter plot of these two variables, which classified microcephalics (M) and normal humans (NH) with 100% success. LB1, the human dwarf, and the Basuto woman (which were not used to develop the discriminant and classification functions) were then classified. LB1 sorted with normal humans (Ͼ99% probability) and the other two classified as microcephalics (human dwarf Ͼ99% probability and Basuto woman 99% probability; Fig. 3 ).
When we began our study, we did not know the size or shape of the dwarf's virtual endocast but suspected that the 3-foot-tall specimen might be a microcephalic. The cranial capacity of 752 cm 3 that we obtained for the human dwarf is Ϸ100 cm 3 above the upper limit we estimate for primary microcephalics. Because the dwarf's brain size is considerably smaller than the mean of Ϸ1,300 cm 3 for normal women (27) and because our analysis classified the dwarf's brain shape as being that of a microcephalic, we believe it represents a variant of microcephalic primordial dwarfism (MCPH, MIM #210710; Online Mendelian Inheritance in Man, www.ncbi.nlm.nih.gov/omim) and is therefore a secondary microcephalic. LB1's 417-cm 3 endocast, on the other hand, classified with normal humans, indicating that its brain shape differs completely from that of this 3-foot-tall-adult secondary microcephalic female H. sapiens.
Because LB1's capacity is only 417 cm 3 (1), we were particularly interested in learning what shape features may discriminate the smaller-brained microcephalics from normal humans. A second analysis was performed after deleting the two microcephalic brains with volumes Ͼ650 cm 3 from the data set. The most powerful discriminators from our first analysis (individually and in combination) were, again, used to derive new classification functions, which were used to classify cases. As in the first analysis, cerebellar protrusion misclassified one microcephalic as a normal human. Relative frontal breadth misclassified no case, however, compared with the first analysis in which it misclassified the two largest microcephalics as normal humans. The combination of these two discriminators misclassified no case (with posterior probabilities for group membership exceeding 0.9999 for all cases) and, again, LB1 was classified with normal humans and the dwarf with the microcephalics. When the two big microcephalics were not used to create the classification function, the Basuto woman classified with microcephalics with 100% probability. These data suggest the testable hypothesis that smaller-brained primary microcephalics may have smaller relative frontal breadths than bigger-brained (possibly secondary) microcephalics, and raises the possibility that future research on virtual endocasts and clinical imaging studies could reveal phenotypic characterizations that might have diagnostic significance for known microcephaly loci (SI Table 2 ) (26) .
Discussion
Because the sample of microcephalics we used to develop the classification functions contains only nine individuals, one might argue that it is too small to be representative. As is the case for fossil hominins, microcephalic skulls are rare and our sample has the advantage of being extremely heterogeneous and therefore more likely to capture general features that may characterize microcephaly. Our specimens represent both sexes, ages ranging from 10 years old to adult, cranial capacities from 276 to 671 cm 3 , and come from different parts of the world including Europe, the United States, South America, and Africa (Table 1) . It contains both primary and secondary microcephalics, although we believe most, if not all, of the individuals below 650 cm 3 are probably primary microcephalics, which is the form of microcephaly most often attributed to LB1. LB1 resembles normal humans in the Table 1 for details about individual specimens).
shape of its orbital surface ( Fig. 1 and SI Fig. 6 ); the endocast of the Basuto (Lesotho) woman that is supposed to resemble LB1 (4, 31) does not (Fig. 1) . We are pleased to have obtained a copy of this microcephalic endocast that was described by Martin et al. (4, 31) but were unsuccessful at our repeated efforts to obtain information about the repository and specimen number of the key microcephalic endocast that was alleged to be nearly identical to LB1's by Weber et al. (2) or, more importantly, to obtain a copy or computed tomographic (CT) scan of the endocast so that we might include it in the present analysis.
Our analysis of the virtual endocast of 10-year-old microcephalic Jakob Moegele has been criticized because we performed a computed tomographic scan of a cast whose parts (the calotte and base) were different colors and chemical compositions (4, 31) . Despite the skull's calotte and base having been cast separately, the CT data produced a seamless virtual endocast ( Fig. 1 and SI Fig. 6 ) with a volume of 276 cm 3 , which is very close to the 272 cm 3 initially reported (32). Indeed, figure 3 of Martin et al. (31) reveals the similarity in the shape of the original skull and the cast that we scanned, and shape rather than color of the cast parts is the salient feature in our analyses. Because primary microcephalics are believed to achieve their maximum cranial capacities by around four years of age (27) , there is no reason to exclude a 10-year-old microcephalic from our analysis. As noted, the added variation in age and cranial capacity increases the diversity of our sample, which makes it more likely that it captures general traits of microcephalics. The most compelling reason for including Jakob Moegele's virtual endocast in our sample, however, is because our analyses show that it classifies with the other microcephalics in all respects.
Despite the heterogeneity of our microcephalic sample, certain shape features distinguish it from that of normal humans: Microcephalics usually have cerebella that protrude more caudally ( Fig. 1 and SI Fig. 4 ) and appear disproportionately larger than those of normal humans ( Fig. 1) (27) . The relatively smaller frontal breadths of microcephalics (Fig. 3) are consistent with their typically sloping foreheads, frontal lobes that are more pointed rostrally in dorsal views, and hypothetically smaller forebrains (15, 21, 26, 27, 29) . In brains of normal humans, the orbital surface of the frontal lobes (in lateral view) is expanded due to ventral protrusion of the cortex medially (underneath the paths of the olfactory tracts) (33) (Fig. 1 and SI Fig. 4 ). Virtual endocasts of microcephalics, on the other hand, appear flatter on their orbital surfaces, which is consistent with images of actual brains (21, 29) , even when the sulci and gyri appear superficially normal (SI Fig. 4) . The indices that describe cerebellar protrusion and relative frontal breadth, which together perfectly sort our sample of microcephalics from normal humans, represent traits that are visually apparent and in keeping with descriptions of microcephalics in the clinical literature. Because our classification functions sort together microcephalic endocasts that range in size from 276-671 cm 3 , our shape analyses are not constrained by allometric scaling. (The question of whether microcephalic brains scale allometrically in other ways is beyond the scope of this paper but could be addressed in future studies using 3D geometric morphometrics.)
Two genes that cause microcephaly when mutated (SI Table 2 ) are hypothesized to have been under pronounced natural selection in the last common ancestor of apes (microcephalin, MCPH1) and in hominins (ASPM, MCPH5) in conjunction with increasing brain size (11, 12, 15) although their precise correlation with phylogenetic increases in this trait has been questioned (25) . Our findings are consistent with the hypothesis that genes associated with primary microcephaly may have had a role in primate brain evolution and, more specifically, that some brain dimensions in primary microcephalics resemble those of early hominins (12) . Endocasts of an early hominin genus, Paranthropus, that is not believed to have been directly ancestral to humans retained an apelike shape of the orbital rostrum (in lateral views) and pointed frontal lobes (in dorsal views) (33) similar to endocasts of primary microcephalics ( Fig. 1 and SI  Fig. 4) . Between 2.5 and 3.0 million years ago, a derived ventrally expanded orbital surface and squared-off frontal lobes (in dorsal view) appeared in another species that may have been directly ancestral to humans, Australopithecus africanus (33) . These converging data raise the interesting possibility that genes involved in primary microcephaly (e.g., ASPM) may have been important for the evolution of the shape and internal organization of the orbitofrontal cortex in addition to their effects on brain size.
A study that concluded LB1 is a microcephalic pygmy H. sapiens rather than a new species of hominin (7) provided no measurements of the neurocranium. This study is refuted not only by our findings but also by an investigation of LB1's affinities using cranial and postcranial metric and non-metric analyses that included comparisons with pygmies from Africa and Andaman Islanders as well as a ''pygmoid'' excavated from another cave on Flores (34) . As shown here, the frontal breadth relative to cerebellar width and lack of cerebellar protrusion of LB1's endocast classify it with 100% probability with normal H. sapiens rather than microcephalics. The relative length of its orbital surface also sorts LB1 with H. sapiens (1) . On the other hand, LB1's endocast shows affinities with Homo erectus in its relative height, disparity between its maximum and frontal breadths, relative widths of its caudal and ventral surfaces and long, low lateral profile (1). Its tiny cranial capacity, relative brain size, and derived ventrally expanded orbital surface, however, show affinities with Australopithecus africanus (33) . Because subsets of LB1's features occur normally in other hominins and because virtual reconstruction adjusted for the slight in situ distortion of LB1's skull, these endocast features should not be attributed to pathology nor to postmortem mechanical deformation. The above findings for LB1, plus its bilaterally expanded but otherwise normal-appearing gyri in the region of Brodmann's area 10 (1), are consistent with its attribution to a separate species, H. floresiensis (35) (36) (37) . Although LB1's relative brain size seems not to scale on the ontogenetic curve for H. erectus (1), a recent study of brain size in Pongo raises the possibility that H. floresiensis ' relative brain size may have been reduced because of ecological factors (38) , consistent with the insular-dwarfing hypothesis. Other analyses of cranial and postcranial data, however, suggest that H. floresiensis may be descended from an earlier small-bodied hominin from either Australopithecus or Homo (34).
Materials and Methods
CT scans of 5 microcephalic skulls, 1 microcephalic endocast, and 10 normal human skulls (Table 1) were performed at Washington University School of Medicine. The CT scan parameters (and reconstruction kernel) were chosen to produce optimal reconstructions. Our material was scanned with .95 1 1.05 Cerebellar protrusion Fig. 3 . Scatter plot of relative frontal breadth on cerebellar protrusion. The legend of Fig. 2 contains a description of the measurements that were used to create the ratios. Discriminant analysis demonstrated that these two variables classified microcephalics (M) and normal humans (N) with 100% success. The dwarf, Basuto woman (BW), and LB1, which were not used to develop the classification functions, were classified, respectively, as two microcephalics and a normal human.
a Siemens Sensation 64 (Siemens Medical Systems, Erlangen, Germany) clinical multislice, computed-tomography (MCT) scanner, located in Barnes Jewish Hospital (St. Louis, MO). Specimens were aligned along a cranial-caudal axis with the nose facing upward, to simulate a normal anatomical head orientation. Scanning parameters included a 512 ϫ 512 matrix, 120 kVp, 300 effective mAs, 32 detectors with dual sampling to achieve a 0.6-mm collimation, a 1-sec table increment per gantry rotation, a pitch of 0.8, a reconstruction interval of 0.5 mm, and a H50s reconstruction kernel. With the higher-depthresolution images that we used, a high-sharpness kernel was unnecessary. Because the features that we identified crossed many planes, our ability to visualize the features was not compromised by the Nyquist frequency (39) , which dictates the resolution above which a feature must be sampled to fully reconstruct the feature. All data were archived to compact disk in DICOM format and transferred to a stand-alone workstation for processing. By using commercially available software packages, Mimics 8.11 (Materialise, Ann Arbor, MI) and Analyze 6.1 (Biomedical Imaging Resource, Mayo Clinic, Rochester, MN), the CT image data were visually assessed and inspected for artifacts and damaged areas. CT scans of four additional microcephalic skulls were provided by the Museum of Pathology and Anatomy, University of Vienna (one); Harvard Peabody (two); and the Smithsonian (one) ( Table 1) . These scans were performed by using our parameters. CT data for a ''female dwarf'' were also provided by the University of Pennsylvania Museum. CT scans of LB1 were performed by using a Siemens Emotion CT scanner in Jakarta and analyzed at the Mallinckrodt Institute of Radiology (1) .
Virtual endocasts of all specimens were made by using Mimics 8.11. This software provides tools to convert grayscale CT image data into a wireframe ''virtual'' model. First, the skull is segmented (isolated) from surrounding air and labeled by using a combination of global and local thresholding operations together with a region growing operation. The internal braincase was enclosed, using manual segmentation, to close any contour gaps in the skull, such as at the eye sockets. Once the internal braincase was fully enclosed, as would be done making a traditional latex endocast, the virtual endocast object was defined with a cavity fill operation, and a 3D object was created within the Mimics 3D Object module. This was done by using the high-quality option. By means of the edge extraction tools within the Mimics STL module, a triangulated surface definition was created from the endocast 3D object.
Shape comparisons were performed between the endocasts by using Geomagic Studio 5 software (Raindrop Geomagic, Research Triangle Park, NC).
Each virtual endocast was aligned in dorsal view, and markers were placed on its most rostral frontal pole (fp) and most caudal occipital pole (op). The endocast was then rotated to the right lateral view and a line placed to connect the two markers; the line was rotated to a horizontal position (Fig. 2 A) . The projected fp-op distance in lateral view was measured to obtain cerebral length (measurement 1). In the right lateral view, markers were placed on the vertex (v) and most caudal cerebellar pole (cp). These placements were checked with dorsal and posterior views. In right lateral view, markers were placed on the more rostrally projecting temporal lobe at the middle of its curvature (tp), and the intersection of the right side of the brainstem with the right temporal lobe (bs). Anterior cerebral height (measurement 3) was measured as the direct distance (chord) from vertex to tp; and shortest projected distances were measured from cp and tp to the vertical line tangent to fp (cerebellar pole-projected frontal pole, measurement 2; temporal pole-projected frontal pole, measurement 4). The endocast was then rotated to occipital view (Fig. 2B) , and markers were added at the most projecting points laterally on both hemispheres of the cerebrum and at the most laterally projecting points of the cerebellum (at the outside edges of the sigmoid sinuses, if visible). These markers were used to measure the projected maximum widths of the cerebrum (cerebral width, measurement 5) and cerebellum (cerebellar width, measurement 6). Endocast height (measurement 7) was measured as the shortest projected distance from vertex to the line tangent to the base of the cerebellum. Frontal breath (measurement 8) was measured at the mean level of the most rostral points on the two temporal poles in basilar view (Fig. 2C) .
Three months after the baseline measurements were made by K.S. and D.F., all identifying features were removed from the three-dimensional computed tomographic images of the 9 microcephalics and 10 humans and one observer (K.S.) repeated all measurements (T2). Bland-and-Altman plots were used to assess measurement reliability, along with plots of baseline (T1) and repeat (T2) measurements for the microcephalics and normal humans (40) . Variance components analyses were used to determine the percentages of variation attributable to subjects and time (baseline and repeated measurements). Measurements of the Basuto woman (8) were made (by K.S.) at the time that repeat measurements were made. Repeatability (reliability) analyses were performed with JMP Statistical Software Release 5.0.1 (SAS Institute, Cary, NC) and MedCalc Statistics for Biomedical Research Version 8.1.0.0 (MedCalc Software, Mariakerke, Belgium). Measurement repeatability was high, with Ͼ99% of measurement variability being attributable to subjects (see .
Discriminant and canonical analyses were used to study shape differences between virtual endocasts of microcephalic humans (n ϭ 9) and normal humans (n ϭ 10). For these analyses, we used the four ratios that we thought would discriminate between the two groups (2/1, [2-4]/1, 6/5, and 8/6) (Fig. 2) . Data were tested for normality with Shapiro-Wilk W tests, and the homogeneity of the variances and covariances was tested with a Box M test. Backward stepwise discriminant analysis was used to select the most powerful discriminators (SI Table 4 ). For the stepwise procedure, the F to enter was set at 4; F to leave was set at 3; and the tolerance was set at 0.01. Each discriminator plus the combination of the most powerful discriminators was used to classify each case into the group that it most closely resembled. In addition, LB1, the Basuto woman, and a human dwarf (which were not used to develop the discriminant and classification functions) were classified into the two groups. Posterior classification of cases was based on Mahalanobis distances, with a priori probabilities being proportional to group sample sizes. Data analyses were performed with JMP Statistical Software Release 5.0.1.2 and STATISTICA (data analysis software system, Version 7.1; StatSoft, Tulsa, OK). Scatter plots for the four variables that were analyzed are presented in SI Fig. 5 . The data were normally distributed (Shapiro-Wilk W test, P Ͼ 0.05), and the variances and covariances were homogeneous across groups (Box M test, P Ͼ 0.05). 
